There are many references to the WHO guidance on thermal comfort in housing, but not to the original source material. Based on archive material, this paper gives the evidential basis for the WHO guidance. It then reports on evidence that some groups may be more susceptible to high or low indoor temperatures than others. It examines different methods for measuring thermal comfort, such as air temperature measurement, assessing resident's perception, and predicting satisfaction. Resident's perception was used effectively in the WHO LARES project, showing that self-reported poor health was significantly associated with poor thermal comfort.
Introduction
While the term 'thermal comfort' is used to cover a variety of circumstances, the World Health Organization's guidance on thermal comfort is not just about ensuring a sensation of satisfaction with the ambient temperature, it is inextricably linked to health. It is guidance for the home environment, and aimed at protecting health, particularly the health of those most susceptible and fragile to temperatures outside that range, such as the very young, and older people.
Guidance should not just be theoretical and aspirational. As well as being capable of being met, practical means of measuring and predicting that the guidance is satisfied are needed. Measuring air temperature may seem the obvious approach, but this is not always practical or reliable, so alternative methods have been developed. While not necessarily providing exact measurements of temperature, they give an indication of thermal comfort. But the limitations of these methods need to be recognised.
There is also a need for mechanisms to estimate where meeting the temperature range will be difficult or unlikely, and for identifying potentially susceptible occupiers. These mechanisms can help focus preventative and remedial strategies.
We review the evidence supporting the WHO guidance on thermal comfort, the means for measuring and predicting that it is being met, and some tools used to inform strategies. the indoor environment and indoor housing environment. These referred to WHO Public Health Paper No. 33 (Goromosov, 1968) , and, although not available in WHO databases, it appears that this provided the original basis for the WHO guidance. This report, entitled 'The Physiological Basis for Health Standards for Dwellings', includes a section on the thermal environment, and it is this that provided the basis for subsequent WHO guidance on the indoor air temperature range necessary to protect health, including the health of those more likely to be susceptible to high and low temperatures.
This 1968 report examined the evidence for the human body's powers of thermal regulation. It concluded that the human body can only compensate for a relatively small temperature range, a so-called 'zone of indifferent metabolism' -the range where human energy expenditure is minimal -and gave this range as from 15 o C to 25 o C.
In 1982, a WHO Working Group (WHO, 1984) reviewed the evidence on air temperatures in the home and health. The report concluded that there was minimal risk to the health of sedentary people, such as the elderly, in housing in which the ambient air temperature is between 18 o C and 24 o C. However, the report gives no references on which this revision of the temperature range was based 1 . The report also stated that there was insufficient data at that 1 This same range was later suggested by Collins, who was a member of the WHO Working Group (see Collins et al., 1985) .
time on the impact of the indoor climate on high risk groups, such as older people, the handicapped and young children, to be able to develop indoor thermal parameters for housing at that time.
A subsequent WHO report (1987) adopted the 1982 range, as did a later WHO report on the health aspects of the indoor environment (WHO, 1990) .
While the 1987 report stated that no conclusion could be reached on the average indoor air temperate below which the health of the general population may be considered endangered, it did recommend that for certain groups such as the very old (although not specified, the report refers to studies on people over 65 years old) and the very young, there should be a minimum temperature of 20 o C. It also added that there was evidence that ambient air temperatures below 12 o C posed a health risk for these susceptible groups (Collins et al., 1985 was referenced in the text).
Evidence on temperature susceptible groups
There have been various studies since the 1982 WHO report that have investigated which population groups may be more susceptible to temperatures at or beyond the thresholds of the WHO thermal comfort range. Collins (1986) A study into the impact of ambient temperatures on mortality in the Netherlands during 1979-1997 using mortality and temperature data, looked at the health effects of heat waves (Huynen et al., 2001 At the other end of the age range, in a cross-sectional study using household survey and surveillance data, involving 9721 children less than 36 months old, child health and development were shown to be negatively affected by household energy insecurity (Cook et al., 2008) . In this study, household energy insecurity was taken to have occurred when, over the previous twelve months, the household had been threatened with or experienced a utility shutoff, had an unheated or uncooled day, and/or used a cooking stove for heating.
From guidance to measurement
As for all the factors influencing thermal comfort, indoor air temperature is subject to considerable variation. As well as differing depending on the time of day, there are vertical and horizontal temperature gradients within a room at any one time. And, within a dwelling, ambient temperatures will vary from room to room depending on their use and orientation. As well as the ambient temperature (and the other the factors mentioned) thermal comfort will be affected by heat sources and colder surfaces within the dwelling, and by the season and the local climate.
For laboratory studies (such as that carried out by Collins and Hoinville, 1980) , it is possible to follow a strict protocol for measuring the air temperature. For general housing surveys, however, strict protocols are less easy to devise, making it difficult to interpret and compare the findings. There are at least two alternatives -canvassing the perception of residents, and estimating thermal comfort. 
Measuring perception of thermal comfort
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Using the perception of an occupant in the LARES project made it possible to analyse the data to investigate for a relationship between some common diseases and symptoms and the main characteristics of energy efficiency, including residential thermal comfort (Ezratty et al., 2009a and 2009b ). The eight cities have different characteristics, in particular socioeconomic, political, cultural and climatic differences. It was therefore important to take account of a possible 'city effect' that could have biased results from the analysis of the combined data from the eight cities. Therefore, the analyses of the combined data focusing on the energy issue included adjustment using two objective 'city indicators' -the mean outdoor temperature in July (the hottest month)
and that in January (the coldest month) for each city. One limitation is age. It has been shown that the elderly may be relatively poor at discriminating temperature (eg, Watts, 1971; Collins and Hoinville, 1980; and Ezratty et al, 2009a and 2009b) , and may feel comfortable at temperatures that could be unhealthy for them. At the other end of the age spectrum, as well as not being able to communicate, the very young have an under-developed thermoregulatory system. This limitation is particularly important as these two groups are susceptible to the temperatures outside the WHO thermal comfort range.
An important point is the phrasing and the understanding of the question(s) on which depends the responses. In the LARES project, the same validated questionnaire was translated in the different languages and tested before the beginning of the survey (see Bonnefoy et al, 2003) . This meant that data from each of the eight cities could be compared. However, there does not appear to be an accepted protocol or standardised phrasing that would allow for comparison between surveys, unlike in this WHO LARES project.
Predicting Thermal Comfort
Assessing thermal comfort can be done by measuring perception or by measuring ambient air temperatures, but other approaches are necessary for designing buildings and for estimating the thermal satisfaction of occupants.
One approach is founded on laboratory research protocols originally developed by Fanger (1970) the responses ('+3' through '0' to '-3'); as the PMV moves from zero in either a positive or negative direction, it indicates that there will be a greater percentage of people dissatisfied because they will be either too warm/hot or too cool/cold. The rationale behind this approach is aimed at minimising the number of uncomfortable (dissatisfied) people, although ASHRAE state that even with a PMV equal to 0, about 5% of the people will be dissatisfied (ASHRAE 2009, 9.16 ).
This ASHRAE PMV-PPD approach is generally seen as being intended to produce indoor thermal environmental conditions that will be acceptable to a majority of occupants (AREN 3050, 2005) , and, as already mentioned, is geared to predicting the response of a large group of people. While primarily used for working environments (offices and industrial buildings) it has been used in residential settings (de Dear et al., 1997; Mothibi BE, 2005) .
However, results of 90% thermal acceptability (as reported in de Dear et al)
may not be considered appropriate for housing, particularly housing occupied by older people or young children. While the health of those in the working environment -the healthy population of working age -should be protected, it is the home environment that is used by the very young, the elderly, the sick and others susceptible to extremes of temperatures for other reasons. For such potentially temperature susceptible groups, estimating or predicting 'dissatisfaction' does not ensure the protection of their health.
One study has compared measured indoor temperatures with the occupant's perception of thermal comfort and with the PMV (Hong et al., 2009) . This study collected self-reported thermal comfort (measured on a seven-point scale) and the indoor temperatures in the living room and in the main bedroom (recorded twice daily over 11 consecutive days) in 2500 dwellings.
The aim was to investigate the impact of energy efficiency improvements, and study found that the 'whole house neutral temperature' (the temperature at which most residents felt thermal neutrality) rose from 18.9 o C to 19.1 o C following the improvements. They also compared this 'mean comfort vote' with the PMV, and found that the PMV gave a higher neutral temperature of 20.4 o C. However, the authors warn that, because of the specific socioeconomic characteristics of the participating households, caution is required in extrapolating any conclusions to the general population.
Using tools to inform strategies
The WHO guidance is directed to protecting health, particularly the health of the more susceptible members of the population. The methods for measuring thermal comfort are useful for surveys and studies, and predicting thermal comfort is important for informing designers of buildings. But what is also needed are practical tools to identify and prevent problems, and to inform and direct strategies.
Some methods are used for identifying potential problems associated with poor energy efficiency and susceptible occupants, each with different objectives, and so taking account of different factors.
Other methods focus on the building and its energy efficiency or performance.
Some are used to predict the energy usage of new buildings, based on information on its construction and equipment; others are used to estimate the energy performance of existing buildings using assumptions.
Energy Performance Certificates (EPCs) are now required in all European
Union countries whenever a dwelling is sold or offered for rent ( 
Strategies to protect health
In 2006, WHO Europe organised a meeting, the aims of which included reviewing housing-related strategies directed at preventing threats to health posed by energy inefficiency and Fuel Poverty (WHO, 2006) . The meeting recognised the need for two approaches; one essential, but short-term, and the other long-term.
The short term strategies are those directed to ensuring occupiers can afford to obtain sufficient energy to maintain their homes at healthy and comfortable temperatures. These include financial assistance paid direct to householders to supplement their available income; payments made to the supplier for the householder's energy; and controlling of the cost of energy either nationally or through social tariffs. While vitally important to protect susceptible households, and so reducing excess winter deaths and other temperaturerelated health effects, these are short term 'First Aid' measures and would not provide long term solution.
The long-term strategies are those directed at improving domestic energy efficiency. The energy efficiency of new (yet to be built) housing can be controlled through building codes and regulations; this, however, will have a very slow impact as existing dwellings make up more than 90% of the housing stock of countries. This means that to be effective, these strategies should include action to improve the energy efficiency of the existing housing stock, particularly of older and probably most energy inefficient dwellings. These actions include making heating systems more energy efficient; making dwellings more air-tight (but avoiding problems of indoor air quality by ensuring a sufficient ventilation); and improving the thermal insulation of the dwelling. Such strategies should cover all housing sectors -the public and the private sectors, and both the rented and the owner-occupied.
The conclusion of the working group was that both short-term and long-term strategies were necessary to protect health, particularly the health of those most susceptible to temperatures outside the WHO thermal comfort range.
Conclusions and perspectives
The WHO guidance for air temperatures in the home are directed to protecting health, and in particular the health of those more susceptible to heat and/or cold. The guidance was based on evidence and has been supported by subsequent research. What is not clear is why there was a change from 15 o C-25 o C in the WHO referenced documents from the late sixties to 18 o C-24 o C in those published in the eighties, however, this latter range is supported by evidence and has been generally adopted as the thermal comfort range necessary to protect health.
Although not necessarily reliable for several susceptible groups -such as the elderly and the very young -the assessment of the occupiers' perception of thermal comfort is useful for surveys on the relationship between housing temperatures and health. However, as there does not appear to be an accepted protocol or standardised phrasing comparison between surveys using differently phrased questions is not possible.
The majority of the work on the inability to maintain indoor temperatures within the thermal comfort range has focused on the health impact of low temperatures. However, the potential health impact of high temperatures caused by heat-waves also needs to be taken into account, in particular for the most susceptible like the elderly or those with a chronic disease. High temperature is closely related to fuel poverty and energy inefficiency. The inability to afford sufficient energy for air conditioning, and the lack of insulation and protection from heat gain during events such as heat waves, can have a serious effect on health, particularly of susceptible groups (see for example Oudin Åström et al., 2011; Basu, 2009 ). This means that in some countries, 'fuel poverty' includes not being able to afford sufficient energy to maintain indoor temperatures within the thermal comfort range -both the upper as well as the lower end of the range.
While air conditioning is seen as a solution in some countries, alternative passive solutions could be preferable non-energy using options. These include the installation and use of shades and blinds, the provision of insulation, consideration of the orientation of rooms and the dwelling, the provision of cool rooms, and the adaptation of the urban environment to reduce reflectivity (O'Neill et al., 2009) . Such passive measures to avoid over-heating need to be incorporated into the design and refurbishment of dwellings and neighbourhoods to avoid reliance on air-conditioning (Bone et al., 2010) . Whatever strategies are adopted directed at protecting the susceptible groups from extreme low and high temperatures should ensure that they do not compromise occupier health in other ways such as by reducing indoor air quality (Bone et al., 2010) .
The threats to health from thermal discomfort are not the only potential health outcomes of a lack of access to affordable energy. An inadequate supply of energy may also mean an inadequate supply for other basic domestic needs such as for food storage and cooking, maintenance of personal and domestic hygiene, and artificial lighting. Each of these could result in threats to health such as food poisoning, spread of infections, slips and fall injuries, fire injuries (from candles or oil lamps) and carbon monoxide poisoning (from inappropriate unflued heat sources). In a recent report (Marmot Review Team, 2011) , as well as increased excess winter death, the direct health impacts were given as including a variety of respiratory problems in children, negative impact on mental health for all ages, and exacerbation of conditions such as arthritis and rheumatism. It gave the indirect impacts as including negative affects on children's educational attainment and emotional well-being, affects on dietary opportunities, and an increased risk of accidents.
Energy efficiency improvements are generally promoted because of the reduction in carbon and greenhouse gas emissions, the saving in energy costs and the improvement in comfort for the householder. We have already
shown that the WHO thermal comfort range is aimed at protecting health, and recent work by the UK Building Research Establishment (BRE) has demonstrated that improving energy efficiency has cost benefits for society (Nicol et al., 2010; Mason and Roys, 2011) . The BRE looked at the cost to the UK National Health Service (NHS) of the physical health outcomes associated with low indoor temperatures, and then the reduction in those health outcomes that could be attributed to energy efficiency measures. This work suggests that improving the heating and insulation in all the energy inefficient dwellings in England would give a 'health cost-benefit' of some £750 million (approx 858 million €) every year by reducing the demands on the NHS.
The annual health cost attributable to energy inefficient dwellings should be compared to the one-off (single) cost of intervention. Such intervention costs will be variable, depending on the improvements necessary. A study in New
Zealand investigated the value of the health, energy and environmental benefits of retrofitting insulation into 1350 dwellings in a low-income community and where at least one occupant had symptoms of respiratory disease (Chapman et al., 2009) . It assessed a range of potential benefits, including reduced visits to GPs, hospitalisations, days off school, and days off work, together with energy savings and CO 2 savings. The authors suggest that the total benefits in present value terms were one and a half to two times the cost of the provision and fitting of the insulation.
There are examples of studies in other countries into the cost to society of physical injuries (eg, Zaloshnja et al., 2005; Meerding et al., 2006) , so it is conceivable that showing the cost-benefits of investing in energy efficiency measures is possible in other countries as in England.
While the term 'thermal comfort' is used to cover a variety of circumstances, the WHO guidance on a temperature range is directed to the home environment, aimed at protecting the health of residents, particularly of those most susceptible and fragile to temperatures outside that range. Energy efficiency strategies, and those directed at reducing fuel poverty and protecting against climate change should overtly acknowledge that the protection of health is not only rational, it attacks inequities, and has economic benefits for society.
This approach is not new, as Cicero said (106 BCE to 43 BCE) and is carved above a doorway to Walworth Old Town Hall in London, 'The health of the people is the highest law' (Fig 1) .
Fig 1 Walworth Old Town Hall, London
